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1 GroundMotion

Near-sourcegroundmotionsarerapid grounddisplacementsassociatedwith the shearwave
whichpropagatesaheadof therupturingfault. Consideringthecapacityof existingbridges,ground
displacementsof ahalf ametertakingplaceat rateof ameterpersecondwouldbeof concern,and
near-sourcemotionsfrom evenmoderateearthquakesmayeasilyreachtheseamplitudes.Larger
earthquakes efficiently produceeven larger grounddisplacements;several metersare certainly
possibleat many sitesin California. The primary aspectsof near-sourceeffectsaresummarized
below; amorecompletedescriptionwith referencesis presentedin [1].

Themechanismby which near-sourcegroundmotionsaregeneratedstemsfrom thefault rup-
tureprocess.Inversionstudiesof actualearthquakeshave indicatedthatslip on thefault involves
only a small portion of the fault at any given time, within which rapid slip occurs,andthis re-
gion of slippingpropagatesalongthefault. Sucha processefficiently generatesshearwaves;the
propagatingrupturecontinuallyreinforcestheshearwave traveling just ahead,causingit to build
in amplitude.Theshearwave motion is perpendicularto thefault, andin thecaseof a strike-slip
fault, this motion is horizontal. Becausethereis little residualdisplacementin thedirectionnor-
mal to a fault, thenear-sourcedisplacementmustcontaina reversingphase.Largedisplacements
mayalsooccurin the fault-paralleldirectionandareassociatedwith thepermanentoffseton the
fault. Comparedto thefault-normalmotion,theparallelmotionprobablyoccursmoreslowly, and
sincethereis no reversingphase,it will be lessdamagingin general.Thesefeaturesalsoapply
to inclined faultsexcept,in thesecases,the fault-normalmotion hasa large vertical component;
however, as the near-sourceshearwave approachesthe groundsurface,it travels throughsofter
rockandsoil whereit bendsaroundtowardthehorizontaldueto refraction.Thereversingphaseis
still present.

Directivity is associatedwith near-sourcegroundmotionby thevery natureof thegenerating
mechanism.Only sitesin thedirectiontowardwhich thefault ruptureis propagatingwill seethe
amplitudebuilding effects. Nevertheless,while directivity sparessomesignificantportionof the
near-fault region, theregionseriouslyaffectedcanstill beconsiderable[1].

Thenear-sourcewaveformdependsondetailsof therupturehistory. Two importantparameters
includethespeedat which theslip takesplaceandthevelocityat which therupturingzonepropa-
gatesalongthefault. Theformertranslatesinto morerapidgroundmotion,while thelatter, which
is boundedfrom aboveby thelocalshearwavespeed,affectstherateof reinforcementof theshear
wave traveling aheadof therupture.As thevelocity of rupturepropagationapproachestheshear
wave speed,the amplitudeof the near-sourceshearwave grows rapidly. Fault rupturemay also
beirregularwith starts,stops,andnonuniformspatialdistributionsof slip, all of which affect the
waveformat all periods.Unfortunately, thereis not nearlyenoughrecordeddataon near-source
effects,especiallyfrom large earthquakes. Someevidence,suchasthe Lucernerecordfrom the



1993MW 7.2 Landersearthquake [2], suggeststhat a singlelarge displacementpulsedominates
thenear-sourcegroundmotionsfrom largeearthquakes.

To partially compensatefor the lack of near-sourcedata,for a numberof yearsseismologists
havebeendevelopingtechniquesto numericallysimulateearthquakes([3, 4,5]). Themoregeneral
proceduresemploy very large finite differencegrids or finite elementmesheswith a slip history
prescribedat eachpoint of the fault. Simulationsin which the fault slips by itself [6] arein the
early stagesof research.While theselatestattemptsavoid having to prescribethe slip, they rely
on a friction law, andthis is a subjectaboutwhich thereis muchdebatebut little dataon what is
appropriate.

Resultsof a finite elementsimulationof a thrustearthquake arenow presentedto demonstrate
someof the fundamentalfeaturesof near-sourcegroundmotions. Figure1 shows the geometry
of thefault anda portionof thefinite elementmeshof tetrahedralelements.Eachelementin the
figurerepresents64smallertetrahedrawhichgivesatypicalnodespacingonthegroundsurfaceof
170m. Thisspacingis requiredto accommodatetheshearwavespeedof 0.7km/secat thesurface
anda frequency resolutionup to 0.5Hz, while the spacingat the baseis 750m wherethe shear
wavespeedis 3.8km/sec. A total of 5.1million degreesof freedomarepresent.

Figure1: Diagramof domainandfault geometryandanedgeof thecoursemesh.

Thehypocenteris markedin Figure1 asasmallstar. Fromheretherupturefront is specifiedto
propagateout radially with a velocity of 2.7km/sec,which is 80%of thelocal shearwave speed.
As the rupturefront arrivesat a point on the fault, slip begins and follows an exponentialtime
function [1] which ultimatelyproducesanoffsetof two metersat a rake of 105

�
. With this time

function,80%of thetotal slip at a point takesplacein thefirst 1.5sec,andthepeakslip velocity
is 147cm/sec.Theuniform spatialdistribution of theslip is a simplificationandis usedherefor
demonstrationpurposes.Themomentmagnitudefor this scenarioearthquake is MW 7.0.

Figure2 andFigure3 presentcontoursof velocity on a vertical north-southsectionthrough
the centerlineof the fault andon the groundsurface. The building up of the wave aheadof the
ruptureandthedirectivity effectareclearlyevident.Theplot at thegroundsurfaceshowsadouble
velocity peakwhich is the forward andreversemotion of the near-sourceshearwave. The area
sweptout by this wave, thoughlimited to theregion southof the fault, is still quitesignificantin



Figure2: Velocitymagnitude(m/sec)snapshotsfor anorth-southsliceat thefault centerline.

extent.
Thegroundmotionsfor threesiteslocatedalongthecenterlineof the fault areshown in Fig-

ure 4. The locationwith the maximumvelocity along this line is site B located6km southof
the top edgeof the fault. SitesA andC lie 10km north andsouthof site B, respectively. For
site B the maximumhorizontalvelocity of 100cm/secis not surprisingconsideringthat higher
velocitieshave beenobservedin smallerearthquakessuchastheMW 6.7Northridgeevent. How-
ever, themaximumhorizontaldisplacementof 140cmgreatlyexceedsany displacementduringthe



Figure3: Velocitymagnitude(m/sec)snapshotson thegroundsurface.

Northridgeevent,andthis demonstratestheability of biggerearthquakesto producelargeground
displacements.It is alsopossibletheuniformslip distributionsomewhatexaggeratestheamplitude
atsiteB, emphasizingtheimportanceof understandingmoreaboutthefault ruptureprocesssothat
realisticslip historiesmay be specified.Figure4 shows that at site A the vertical componentof
motion,which is associatedmostlywith theresidualdisplacement,is significantwith a maximum
velocityof 41cm/secandamaximumdisplacementof 97cm.

In summary, groundmotionsgeneratedby the numericalsimulationexhibit the near-source



effectsof large,rapiddisplacementsanddirectivity. Thereversingfault-normalcomponentis po-
tentially themostdamaging.Additionally, oneshouldexpecttheamplitudeof thegrounddisplace-
mentto increasesignificantlywith earthquake magnitudeevenfor a seeminglymoderateincrease
in magnitudefrom MW 6.7 to MW 7.0.
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Figure4: Displacementandvelocity timehistoriesat threesiteson thegroundsurface.

Note: Thecomputationsfor thesimulationdescribedabovewerecarriedoutusing256proces-
sorsononeof Caltech’sparallelcomputers.Thetotal runtimewas1.7hours.Currentcapabilityat
Caltechpermitsincreasingthenumberof degreesof freedomby morethananorderof magnitude.
Thework reportedhereis partof a projecton earthquake groundmotionsimulationbeingcarried
outby theauthorsandProf. ThomasHeatonof Caltech.

2 StructuralResponse

As seenin section1, thesimulatedhorizontaldisplacementof thegroundfrom thethrustearth-
quakeis dominatedby asingle,large,rapidpulse.Thisdisplacementcontainsaforwardphaseand
a reversingphase,andanidealizedversionis depictedin Figure5(a).TP is thedurationof thedis-



placementpulse;relationsamongpeakacceleration,velocityanddisplacementareasshown. This
motion, which canalsorepresentnear-sourcemotion in the directionnormal to the fault during
a strike-slip earthquake, is usedherein a studyof the nonlinearresponseof a single-degree-of-
freedomoscillator.
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Figure5: (a) Idealizeddisplacementpulsegroundmotion. (b) Singledegreeof freedomoscillator
andforce-deflectioncurve for spring.

Theoscillatorshown in Figure5(b) hasmassM andabsolutedisplacementXT
�
t � which is the

sumof thegrounddisplacement,XG
�
t � , andtherelative displacement,X

�
t � . Thespringstiffness

is trilinear (Figure 5(b)) with a secondarystiffnessαK equal to 15% of the initial stiffnessK.
TheultimatestrengthFult exceedstheyield strengthFyld by 30%. Thedashpotprovidesviscous
dampingat 5% of critical exceptthedashpotforce is cappedat 10%of Fult . This simplesystem
is intendedmainly asa tool for characterizingthegroundmotion; theactualresponseof a bridge
is more complicateddue to P-∆ effects, structuraldegradation,soil-foundationinteraction,and
multipledegreesof freedom.

Propertiesof the oscillator are chosenbasedon Caltransdesigncriteria [7]: the 0.7g ARS
spectrumfor 10 to 80 feetof alluvium,andZ for well-confined,ductile,single-columnbents.The
normalizedstrengthFyld � Mg is setequalto theARS valuedividedby Z andis a functionof the
periodT1 of theoscillator(seeFigure9, Caltranscurve).

Ductility and strengthdemandsare assessedusing two idealizedgroundmotionsbasedon
Figure 5(a) and one actual recordedground motion. The two idealizedmotions are denoted
P75(TP � 2sec,DGmax � 75cm, AGmax � 514cm/sec2) andP150(TP � 4sec, DGmax � 150cm,
AGmax � 257cm/sec2), andbothhavethesameVGmax � 129cm/sec. P75andP150representfairly
severemotions,but areby no meansupperboundson what is possible.SinceP75andP150lack
high-frequency content,the free-field recordat the Olive View Hospital from the 1994MW 6.7
Northridgeearthquake (denotedby OVH) is chosenasa reference.This recordis rich in high



frequenciesandcontainssomenear-sourceeffects from a moderateearthquake. OVH haspeak
acceleration,velocity anddisplacementof 818cm/sec2, 131cm/secand31cm, respectively, and
hasbeenrotatedin thehorizontalplaneto maximizethepeak-to-peakvelocity.

Ductility demand,shown in Figure6, is definedas the ratio of max �XT
�
t ��� to Xyld. Two of

thegroundmotions,P75and,especially, OVH, show high demandsat low periods,becausetheir
accelerationsarelargeenoughto yield theoscillatorspring,andthedenominatorXyld in theduc-
tility demandcalculationgoesto zeroastheperiodT1 approacheszero.This is typical for ground
motionscontaininghigh accelerationsbut maynot beasseriousastheplot suggests,becausethe
actualamountof plasticdeformationis small. More seriousarethelargeductility demandsat the
longerperiodswhich areproducedby P75in the intermediateperiodrangeandby P150in the
longerperiodrange. Theseindicateconsiderablepotentialfor damage,andan oscillatorwhose
periodT1 is abouthalf theperiodTP of thegroundpulseis mostsusceptible.
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Figure6: Ductility demandfor Caltransdesignstrengthunderthreegroundmotions.

Figure7 containsthedisplacementhistoryof theP75groundmotionandthatof theoscillator
with T1 � 0 � 9secwhich hasthe peakductility demand.The large nonlinearresponseof this os-
cillator canbeexplainedasfollows. During theentireforwardmotionof theground,theground
staysaheadof themassandsodoespositivework on it, increasingits kinetic energy. This kinetic
energy attainsamaximumat theinstantwhenthemasscatchesup to theground,which from Fig-
ure 7 is alsothe instantwhenthe groundreversesits direction. The situationthenbecomesone
of the massmoving forward asthe groundreverses,resultingin a large excursionof the spring
into thenonlinearrange.To experiencethefull effect of thegrounddisplacementpulse,themass
mustcatchupto thegroundjustwhenthegroundis beginningto reverseits direction.If thespring
remainselastic,this timing wouldoccurfor theoscillatorwhoseperiodT1 equalsTP. But yielding
in thespringduringtheforwardmotionof thegrounddelaystheprogressof themass,andsothe
critical timing occursfor astiffer oscillator;in this casetheonewith aperiodT1 � 0 � 9sec.

Figure8 shows ductility demandsrecomputedwith the strengthof the springincreasedby a
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Figure7: Displacementtimehistoriesfor theP75pulse:XG of thegroundandXT of theoscillator
with fundamentalperiodT1 � 0 � 9sec.

factorof 1.5,becausetheductility demandsin Figure6 aresolarge.Althoughsubstantialreduction
occursin the ductility demands,muchof it resultsfrom Xyld beinglarger; nevertheless,they are
still quitehigh.
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Figure8: Ductility demandfor 1.5timestheCaltransdesignstrengthunderthreegroundmotions.

Figure9 presentsthe strengthFyld � Mg necessaryto limit the ductility demandto four. For
reference,theCaltransdesignstrengthis plotted(ARSspectrumandZ givenearlier)aswell asthe
ATC-32[8] designstrength(0.7g ARS spectrumfor soil typeC andM = 7.25;Z for full ductility
structureswith well-confinedcolumns).For strengthdemand,likeductility demand,OVH controls
in theshortperiodrange,P75in theintermediateperiodrange,andP150in thelongerperiodrange.
TheATC-32strengthadequatelymeetstheOVH strengthdemand,but it andtheCaltransstrength
fall considerablybelow theP75andP150strengthdemandsatmoderateandlongerperiods.
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Figure9: Strengthrequiredto limit ductility demandto four underthreegroundmotions. CAL
andATC areCaltransandATC-32designstrengthsasdiscussedin text.

To investigatethis further, Figure10presentsstrengthdemandenvelopesfor suitesof pulsesof
thetypeshown in Figure5(a). TheVGmax � 129cm/seccurve is anenvelopeof strengthdemands
for pulses(includingP75andP150)having this maximumvelocityandcoveringtheentireperiod
rangeTP, exceptat shorterperiodswhereAGmax wouldexceed0.8g, thegroundmotionamplitude
is reducedto this level. TheVGmax � 100cm/secand70cm/seccurvesaresimilar envelopesfor
groundmotion pulseswhoseamplitudesexceedneitherthesemaximumvelocitiesnor AGmax �
0 � 8g. TheATC-32strengthmostlymeetsthedemandfor theVGmax � 70cm/secgroundmotions,
but fallsconsiderablybelow thatfor thehighervelocitypulsesatmoderateandlongerperiods.The
Caltransstrengthfallsevenfurtherbelow exceptat thelongerperiods.

In summary, near-sourcedisplacementpulsesof thetypeconsideredherewould imposelarge
ductility demandson currentlydesignedbridgesover a wide periodrange,evenbridgeswith fun-
damentalperiodsbelow onesecond.The reversingdisplacementpulsecancauseseveredamage
by propellingthestructureforwardandthenreversingdirection. Strengthsrequiredto limit duc-
tility demandto four canbe very high anduneconomical,which presentsa dilemmafor bridge
designerswhomustalsoconsiderthattheprobabilityof experiencingstrongnear-sourceeffectsin
thelifetime of a bridgemaybesmall.
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